The VIIRS instrument onboard the NOAA-20 satellite (launched on November 18, 2017) started to collect Earth-view data after its nadir door opened on December 13, 2017. Seven of the VIIRS bands, I4-5 and M12-16 are thermal emissive bands (TEBs), covering a spectral range from 3.6 to 12.5 μm. They began collecting valid data after the cold focal plane assembly (CFPA) cooled down to its nominal operating temperature on January 6, 2018. This paper will present the performance of each TEB, including calibration coefficients, noise equivalent differential temperature (NEdT), on-orbit calibration coefficient estimates from scheduled onboard blackbody warm-up and cool-down (WUCD) data, as well as related telemetry temperatures. Several methods are tested and compared in the WUCD data analysis for estimating the calibration coefficients. Based on the preliminary results, the NEdT of each band is well below the design specification and very close to that of the VIIRS onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite. The detector gains appear stable for bands on the short-and mid-wave infrared CFPA, whereas the detector gains have larger than expected degradation for bands on the long-wave infrared CFPA during the early mission. All TEB related telemetry temperatures are stable. The on-orbit performance of NOAA-20 VIIRS TEB is compared with VIIRS onboard the SNPP.
INTRODUCTION
The second Visible Infrared Imaging Radiometer Suite (VIIRS) instrument is onboard the NOAA-20 (N20) satellite launched on November 18, 2017. Similar to the VIIRS onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite, N20 VIIRS has seven thermal emissive bands (TEBs) I4-5, M12-16 with bands I4, M12-13 (3.5~4.2 μm) on the short-and mid-wave infrared (SMIR) focal plane and bands I5, M14-16 (8.3~13.1 μm) on the long-wave infrared (LWIR) focal plane. The temperatures of these focal planes are controlled at about 80.5 K, and so are referred to as cold focal plane assemblies (CFPAs). Each imagery band (I-band) consists of 32 detectors in the track direction and has 6400 samples in the scan direction within a scan angle range of ±56° off nadir and a spatial resolution is 375 m at nadir. Within the same scan angle range, a moderate-resolution band (M-band) has 16 detectors aligned in the track direction and 3200 samples for each detector in the scan direction with a spatial resolution of 750 m at nadir 1 
.
Similar to other sensors, the VIIRS TEBs use a blackbody (BB) as an onboard calibrator. The observation of the space view (SV) provides a zero reference which gives a thermal background and electronic offset. The BB temperature (Tbb) is controlled at 292.6 K during normal operation and its emissivity is close to 1 by design (greater than 0.996
2 ). The onorbit changes of the TEB calibration coefficients are assessed by periodically scheduled BB warm-up and cool-down (WUCD) cycles that provide detector responses over a range of temperatures from instrument ambient (~266 K) to 315 K.
rapid degradation of the gain in the LWIR bands. After a mid-mission outgas operation, performed on March 12, 2018, the gains in these LWIR bands returned to pre-icing levels and have subsequently remained stable. This paper presents the on-orbit performance of N20 VIIRS TEBs from the aspect of related telemetries, calibration scale factor (known hereafter as the F-factor), noise equivalent differential temperature (NEdT), as well as the WUCD data analysis. Section 2 introduces the TEBs and their calibration algorithm. The short-term and long-term performance of the on-orbit telemetry, calibration coefficients, as well as NEdT are presented in Section 3. Section 4 discusses the WUCD data analysis and reports the on-orbit status of the estimated calibration coefficients.
NOAA-20 VIIRS TEBS AND THEIR CALIBRATION ALGORITHM
The VIIRS TEB design specifications are listed in Table 1 , including center wavelengths, typical brightness temperatures (Ttyp), and NEdT specification at Ttyp. Band M13 has two gain modes, low gain (LG) and high gain (HG). The performance of M13 with high gain mode will be presented in the following discussion. The low gain mode is designed for the application of fire detection and it uses a different calibration approach from the regular calibration. For band M16, there are two sets of 16 detectors, known as M16A and M16B. The band M16 data is the time delay integration of M16A and M16B. The TEB calibration converts the background corrected digital response (dn) of a detector to the corresponding radiance (L) using a quadratic model
The coefficients, ci (i=0, 1, 2), in the model are known as calibration coefficients. F is the scale factor (called F-factor) that is calculated on a scan-by-scan basis from observations of the on-orbit BB. For each scan, the BB radiance to a detector can be calculated by
where RVS is response versus scan-angle. The radiance of the background and the BB are determined by
T represents temperature and L(•) is the temperature-dependent radiance. and w are the BB emissivity and the weighting values ( + ℎ + = 1), which are determined from the prelaunch data analysis. rta, sh, cav, and ham represent the rotating telescope assembly (RTA), the BB shield, the instrument cavity, and half angle mirror (HAM), respectively. The F-factor for each scan is then calculated by
The coefficients, RVS, and the temperature dependent radiance in Eqs. (1)- (6) are determined on a per-scan basis via the on-orbit telemetry measurements and the look-up-tables (LUTs). Currently, the TEB LUTs are characterized based on the prelaunch data analysis. 
NOAA-20 VIIRS TEB ON-ORBIT PERFORMANCE

N20 VIIRS TEB short-term variation
As introduced in the Section 2, the TEB performance mainly depends on the temperatures of the CFPAs and the BB. The TEB calibration also relates to the temperatures of the instrument components. So the temperature changes are closely monitored. 
N20 VIIRS TEB long-term trending
For N20 VIIRS TEB, granule-averaged (48 scans) parameters are tracked in the long-term trending. One nighttime granule (near the South Pole) per day was selected and granules with invalid data caused by some instrument operation events were excluded. The locations of the selected granules (center coordinates of the granules) in the long-term trending analysis in this section are illustrated in Figure 3 . The temperatures of the two CFPAs are very stable (80.47 K for LWIR CFPA and 80.23 K for SMIR CFPA, varying within a range of ~ 1 mK and ~ 17 mK, respectively). The granule averaged Tbb is maintained at 292.6 K (during days 90~111 since launch it was raised to 307.5 K) with about 5 mK variation over the time when the BB is controlled at its nominal temperature, which means the BB provides a stable radiance reference for the TEB calibration. The long-term time series of the temperatures of the HAM, the cavity, the RTA, the shield, the OMM, and the electronics are illustrated in Figure 4 . All of the temperatures were elevated when Tbb was raised, except the electronics temperatures. The thermal radiation from the blackbody heats other components to a small degree. Figure 5 shows the time series of the normalized band averaged F-factor. Upward trends in the early mission were seen in the LWIR bands I5, M14-16. This was believed to be caused by ice buildup in the optical path. The amount of drift in band M16 was the largest (~1.5%), followed by band I5 (1.4%). The drift observed in band M14 was the smallest (0.1%). The SMIR bands were not impacted. The F-factors of all TEBs are stable after the mid-mission outgas performed on March 12, 2018 (day 114 since launch). The F-factors for some detectors from their trending showed out-of-family behavior (e.g. I5d2, M12d16, M14d1&d3, and M15d14), two detectors showed noisy trends (M13d2&d16), two detectors in band M14 showed some gain changes (d6&d14), etc. Since the N20 has only operated less than 300 days, more data needs to be collected to further understand the slight drift seen in the F-factor time series observed particularly in I5. Figure 6 shows the long-term trending of the NEdTTtyp. Except the period when the NEdT of all bands increased corresponding to the increase in Tbb to 307.5 K, the trends have been very stable since launch. 
NOAA-20 VIIRS BB WUCD DATA ANALYSIS
To monitor the on-orbit change of the TEB calibration coefficients, the VIIRS instrument operates the BB WUCD cycle to get the detector responses for the Tbb in the range from ~266 K to 315 K. Since launch, the N20 VIIRS has performed four WUCD events. The first one was a full WUCD cycle operated on January 10, 2018. The BB was cooled down to its ambient temperature (~266 K) before the WU period. Then the Tbb was set at 272.5, 282.5, 292.5, 297.5, 302.5, 307.5, 312.5, and 315 K during the WU period. After the Tbb reached to 315 K, the BB heater was turned off and the Tbb decreased to its ambient temperature. Then the BB was warmed up to its operational temperature through 272.5, 282.5, and 292.5 K. The other three were short WUCD cycles, scheduled on January 22, April 9, and June 18, 2018. In the short WUCD cycle, the BB was heated directly from the operational temperature (292.6 K) and the Tbb was set at 297.5, 302.5, 307.5, 312.5, and 315 K during the WU period. In the following calibration coefficient estimates, the results from both WU and CD granules are presented. 
Calibration coefficients
The calibration coefficients are estimated by quadratic fit of dnBB and the corresponding radiance Ldet_BB,
The estimated calibration coefficients are actually the combination of the F-factor and the coefficients ci in Eq. (1), which are now denoted by Ci (i = 0, 1, 2).
Figures 7-8 show the estimated band-averaged calibration coefficients from the four WUCD data for the SMIR bands and the LWIR bands, respectively. The results using the granules from both the WU (red) and the CD (blue) period are presented. The error bar is the standard deviation of the band averaged results, which represents the consistency of the detectors in a band. The green line is the coefficient from the prelaunch measurements. As seen in the plots, the coefficients of C0 and C2 extracted from the CD granules are more consistent across the four WUCD measurements. Slight variations in the first two points in the LWIR bands are likely due to the impact from the ice accumulation issue. More fluctuations among the detectors are seen in the results estimated from the WU granules. For the C1 coefficients, the error bars are not shown in the plots because the C1 values are related to the locations of the detector layout on the focal plane. In the case of LWIR bands, the estimated coefficients from CD granules are much closer to prelaunch values in comparison to those from the WU. Overall, the results from CD granules show better detector consistency than that from the WU granules, which is similar to the MODIS and the SNPP VIIRS 3, 4 .
Figure 7. Band-averaged Ci (i=0, 1, 2) coefficients derived from the BB WUCD data for the SMIR bands. 
Noise characterization at typical temperature
The Ttyp of most TEBs are covered in the WUCD cycle (see Table 1 ). This means that the NEdTTtyp can be obtained directly from the WUCD data. For band I5, its Ttyp is lower than the lowest Tbb (~266 K), but its NEdTTtyp can still be estimated by fitting the data between 266 K and 315 K. 
SUMMARY
Based on the all data in the N20 mission so far, all telemetry temperatures of instrument components that affect the TEB calibration and performance are stable. The F-factors (equivalent to the detector gains) appear stable for bands in the short-and mid-wave infrared CFPA. Some drift (up to 1.5%) was seen in the LWIR bands in early mission likely because of ice buildup. After the mid-mission outgassing, the F-factors of all TEBs are stable. The calibration coefficients estimated from the four on-orbit BB cool-down data sets during the BB WUCD events are consistent and in reasonable agreement with the prelaunch values. The NEdT at typical temperature of each band is well below its designed specification and close to that of the SNPP VIIRS. Even though some detectors in bands I5, M12-15 behave slightly noisy or out-of-family in their F-factors, the N20 VIIRS is performing very well. The cause of the spikes seen in band M14 NEdT trending will be further investigated.
